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TOPIEX/Poscidon Precision Orbit Determination:
“Quick-l, ,ook” operations and Orbit Verification

1. A. Cangalala®, 15 ). Christensent, 1. J. Graat®, B. G. Williams®, P. J. Wolf("

This paper presents a sunmary of the TOPEX/Poscidon “guick-look™ orbit
determinat ion and verification activities. The primaty feature of this endeavor is
that o1bits are produced with small radial position ctiors (-5 ¢ RMS), on a
shortproduction s¢ hedule (<4 days), with minimal resouces,

The TOPEX/Poseic ton spacecy alt, lavnched on 10 Aupust 1992, has pathered
precise sca-level ineasurements for ovet tw () years. To take advantage of the
quality of these measutctucnts, the radial arbit component must be known to
better than a decimeter. In order to aid some constituents of the science data user
communily, orthits are gencrated as quickly as possible, usually within fous days,
These orbitsare also used forthe production of Interin Geophysical Data
Records (JGDRs).  ‘The primary time-limiting, step in “quic k-look” orbit
production is the collection of the (we, way laser ttacking. data from the world-
wide ttacking networ k. The otbits ate also vsed for the verification of precision
ortbitephemerides (1701%) used 10 1 the final production of peophysical data
records (GDRs). In addition, estimates of cinpirically defined non-gravitational
accelerations are supplied to the navigation team for their ground-t rack
maintenance activities.

‘These orbits are called “Medium I'recision Orbit Ephemerides™ 01 MOFEs. The
strategy for the MOE is to fit thice days of laser tracking data w ith the middle
day being the only period used {or JGDRs. Hencee, cach th nee day it overlaps the
preceding oncbytwo days. This technique provides some simmunity from “end
cffects” of the fit where accutacy is usually not as high as that for the mid-
portion of the data arc. The ovetlap also provides a continuing, guatity cheek on
othitprecision as ne w data is added cach day. The orbit determination stiategy
includes estimating the spacectalt initial position and velocity along with daily
vilues foralong-track and cross-track cinpincal forces. A nodel summary and
orbit estimation history are given.

INTRODUCTION

The TOPEX/Poseidon ((1'/17) satellite was launched 011 [(I August1992, and isinthe
final year of its primary mission, with a two-ycar extended mission ahead of it The
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mission has been jointly conducted by the United States National Acronautics and Space
Administration (NASA) and the French Space agency, Centre National d’Ftudes Spatiales
(CNES). The principal goal of T/P is to measute sea level to such an accuracy that small-
amplitude, basin wide sca level changes cansed by large-scale occan circulation can be
detected. To achiceve this goal, the /P sensor system must be able to measure sca level
with decimeter accutacy. ‘Thus, the radial component of the o1bit must be known to at lcast
the same accuracy.

Two issues impact ‘1/P’s sampling of the actual sea level. First, the orbit size,
orientation, and synchironization with the Earth’s rotation dictates the temporal and spatial
sampling, pattern of the altimeter. A high-altitude orbit was preferted because reduced
atmosphieric drag and gravity perturbations acting on the satellite maximize the accuracy of
the orbit detennination. However, the o1bit altitude was limited by the increased power
needed by the altimeter to achieve the required signal-to- noisc ratio. "The COMPIOMIse was
in the range of 1200 to 1400 kin. Within this range, the exact altitude that allowed the orbit
to satisly all other constiaints (c.g. overflights of verification sites) was 1336 km, with a
1277 orbit ground track repeat cycle. Table 1 shows the bascline orbit characteristics.

Table 1: 'TO? IX/POSEI YON BASELINE ORRBIT C1 ARACTERISTICS

’arameter Value
Seminajor Axis (km) 7714.4278
Eceentricity - - 0.000095
Inclination (des) - 66.039
Incrtial Fongitude of Ascending Node amm‘v _Ommv\_\‘l
Argument of _,n_._.mﬂ?_cnv I 90.0
Kererence quatorial Altitude (Kim) 1336
Nodal Period (hh:mim:ss.ss) o | o1 :52:25.72
Ground Track Repeat Cyele (days) 99156
::ﬂi Z%ﬁ:o (deg/day) o ‘ \c\c _.,‘14 B
-_M,:»M._:::. of _:_:::ama:m_; Pass 1 (deg) | @o.cw\_m
Acute >E.,_o of Fquator Crossing (dey) | 395

The sccond issue is the ability to determine the radial component of the orbit, as
obtained through the process of orbit determination. 1/P has made it possible to obtain
precision orbits through different approaches to filtering, stiatepy and varying combinations
of tracking data. For example, the 17P spaceciaft is configuied with three independent
precision tracking systems: (i) a Laser Retroreflector Array (1.RA) (NASA), (ii) a Doppler
Orbitography and Radio-Positioning Integrated by Satellite (1DORIS) Dual-Doppler
Tracking System Receiver (CNES), and (ii1) a Global Positioning System Demonstration
Receiver (GPSDR) (NASA), which is experimental. The TLRA is used with a network
satellite taser ranging (S1LR) stations to provide the NASA bascline tracking data for
precision orbit determination. The DORIS tracking systemn provides the CNES bascline
tracking data using microwave Doppler techniques for precision orbit determination. The




DORIS system is composed of an onboard recciver and a network of 40 to 50 ground
transmitting, stations, providing all-weather global tracking of the satellite. The signals are
transmitted at two frequencies to allow removal of the effects 01 ionospheric free electrons
in the tracking data. The GPSDR, also operating at two frequencies, uses GPS differential
tanging for precise, continuous tracking, of the spacecraft with better than decimeter
accuracy.

Precision orbit ephemerides (hercafter referred to as POl is), ar ¢ created once per ten-
day 127-o1bit cycle, thirty days after-the-track, using the non experimental data types, SI.R
and DORIS data. These orbits, created at the Goddard Space Flight Center (GSHC), are
used for the construction of the mission Geophysical Data Records ((illl<s). Early after
launch, it became evident that precision orbits could be gencrated quickly insupport of
Inter im Geophysical Data Record (1GDR) production. 1 idward Christensen proposed that
SR data be used to constiuct daily fits within 3-5 day s after-the-tiack (Reference 1). In
addition, S1.R-only orbits would be created in support of PO production as a verification
tool.

A smalltcam, referred to asthe Precision Orbit Determination Vilification Team (I'V”1’)
was incorporated into the '1/P flight operations team.  The original software set was
assembled by Dah-Ning Yuan of the Tracking Systems and Applications Section, and the
originaltcam lead was Joc Guinn of the Navigation Systems Scction. At any time during
the mission the MOE production has requited only two people, with one analyst as the lead
and the other as a backup. 'The time demand upon the analystis small; the seven MOLs for
the week can comfortably be created and vahidated during, a regular forty-hour work week.
Inaddition, the simplicity of the MOE process has made it possible to train undergraduate
engincet ing students in MOY production during their summer tour at the lab.

‘This Jc.pelt documents the successful implementation of that proposal. The “quick-
look™ o1 bit determination cffort has achieved sub-decimeter level accuracies using laser
tracking data for overtwo yecars. ‘The orbit deter mination models and filter strategy are
described, along with statistics assessing the S1.R data collection. "The MOY performance
is described, along with the POE verification effor s,

01{111'1" DETERMINATIONMODELS

SI.R tracking data is not a direct measurement of the orbital state and is generally not
continuous in time. As a result, dynamical cquations were required to produce a
continuous precise orbit for the mission. To achieve the expected 13-cin (global RMS)
1 adial orbit accuracy for the mission, models with sub- decimeter accuracy were
incotporatedinto the solution. Since MO orbits were notneeded for predictive purposcs,
however, it was possible to eliminate dependence on certain models through the proper
sclection of an empirical acceleration iodel. The elimination of these models sped up the
processing time by a factor of thrce. The significant orbit determination models used (and
notused) for h4011 production are categorizedin’l able 2.




Table 22 MOE MODEL ORGANIZATION
Model Category Model Used Model Not Used

Obscrvables . Phase Center Offset
- Space.mf( Atlitude

-Xilll{(;‘stll)hcric Dorag
o solar RadiationPressure
. Albedo

Spacecraft Dynamics o Finite Burn

Geodetic Models | Central Body Perturbations
. Third-Body Perturbations
. Solid-Earth Tide Deformations
. Ocean Tide 1’erturbations
. General Relativity Perturbations
. Earth rotation and orientation

Filter Models . Daily Estimates of Con stant and
Once-per-orbit accelerations

Observable Models

Phase Center Offset. The phase center offset (in a spacecr aft-fixed frame) is interpolated
from a table provided by the Spacecraft Analysis Team (SPA'T). This table is updated after
every Orbit Maintenance Mancuver (OMM), and is accurate to the sub-centimeter level.
This accuracy is partially due to the small magnitude of the seven mancuvers that have
taken place during the mission.

Spacecraft A ttitude. "The spacecraft altimeter is always pointed along the local nadir. When
the angle between the sunline and orbit plane is greaterthan ~1s degreces, the spacecraft
steers about the nadir (thismodeis referred to as “yaw steering”). When the angle drops
under this magnitude, the spacecraft yaw angle is fixed. During this attitude mode (known
as “fixed yaw”), the spacecraft performsan 180" “yaw flip.”“ These attitude regimes and
cvents are modeled to obtain the comet orientation of the phase center offset, based upon
inputs provided by the SPAT.

Spa ceer aff Dynamic Models

Finite Burn. Yor the production of MOEs 011 days where an OMM took place, the burn
was modeled with the nominal burn pa 1 ameters supplicd by the SPAT and NAV  tcam.
OMMs arc on the order of 3-5 mm/s, and no burn parameters are estimated. The accuracy
criterion was met for MOIis which spanned an OMM event.

Atmospheric Drag, Solar Radiation Pressure, and Albedo. Collcctively, these models were
known as the TOPEX “M acromodel.”  Originally, the Macromodel was included in the.
initial S1 .R-only orbits (Reference 2).  Since MOLs were not needed for predictive
purposcs, the Ma cromodel was removed, reducing the MOE production time. The removal
of the Macromodelreduced the totalruntime of s typical two- iteration solution from145
minutes to 51 minutes. The resulting non-modeled accelerations were absorbed by the
cmpirical non-gravitational acceleration estimates.

Geodetic Models

Table 3 summatizes the geodet ic models used. The greatest contributions to the mbit
1 ror budget from these miodels comes from the geopotential model (2.2 em) and thegsolid
and occan tides (2.0 ecm)j(Reference 3).




‘I'able 3:GEODETIC MODE]L. SUMMARY

Model Description

Central Body Perturbations: JGM- 2?(‘0;01(-nlia] modecl
Third-Body Perturbations: Point mass Sun, M()Olr;;d_pldnc(s
‘1'bird-llody Fphemerides: 1)1 3(3()[81(1):(1’1#1 1982] B ~
S:()lid-] iarth Tide Deformations | i
~ 1 ‘requency 1 dependent:” ko ugﬁg—;-\i\’-e_xﬁ10nnul<\t10n[Walu 1981]
" Tirequency Independent: Love numl)m_(_}_?) = 0. 3 Jag angle (8) = e

Permanent Tide Correction: Applied to C20 (ACp0:-1.391( 1 0 },) per unlt 1\?) o
Ocean Tide Per turbations: Met it 6(0?[1 “tide mode] “-”

. [Melbourneetal., 1953, I’ 2/'7/( S et al.,1982]

Timing and Polar Motion uTl- l]](——(—_(T]lLCllOH X Y- P ()]C Coordinales

General Relativity Perturbations: One- bodylcldlwlsllc pcrlulbau()m [Moyer, 197]]

The timing and polar motion inputs are obtained weekly from the University of Texas.

Filter Model

The filtering was performed with the MIRAGE (Multiple Interferometric Ranging
Analysisusing GPS nsemble) software set created by the Navigation Systems Section at
the JetPropulsion Laborator Y. The standard filter configuration used for MOIS production
is of the singlebatch weighted least squares, square-mol informationt ypc. The estimate
listincludes the spacecraft state and a daily sct of five cmpirical non-gravitational
accelerations: a constant downtrack acceleration and once- per-orbit downtrack and
crosstrack acceler ations (cosine and sine components). The time boundarics of the
cempirical accelerations are moved to coincide with spacecraft attitude events (yaw flips,
transitions to/from yaw stecring, €tc.). This practice, while heuristic, has consistently
yielded more accurate orbits.”

Table 4: LSTIM ATION PARAMETER MODELS

Iistimated Parameters A priori A poslteriori
Uncertainty (1o0) Uncertainty (1o)

Spacectaft State at Epoch - Position Okm -1 to3cm
Spacecraft Stalea | ipoch - Velocity 0 cm/s 0.01 to 0.03 mm/s
1 impirical Accelerations

Constant Downtrack None 0.001to 0.()()3 11111/s2

Once-Per-Or bit 1)owntrack Nonc (10)-5- (1 0)4nm/s?

Once-Per - Orbit Crosstrack Noue

(1O0)4 - (10) 3 nin/s?

~Nominally, the MOLs are created daily fromn a thiee-day data fit, Solutions from
adjacent days would thus have @ 48-hour overlap. This ovei lap provided an opportunity to
perform @ quality check upon the latter solution. Under normal conditions, the overlap
agreesinthe radial componentto well under ten centimeters.



SI.R :ATA COLLECTION

The SLR Global tracking network is a consortium of many groups of stations
(Reference 9). The groups are (i) the Crustal Dynamics CDSIR network, (11) university-
led sites (Haleakala and ¥ Davis), (iii) Fundamental Foreign Sites (Bar Giyyora, Grasse,
Herstmonceux, Matera, Orroral Valley, Shanghai, Simosato, Wetlzell), (iv) additional key
foreign sites (Graz, Helwan, Metsahovi, and Zimmerwald), (v) the Chinese SIL.R Network,
and (vi) miscellancous foreign sites. Table 5 gives an overall breakdown of the stations by
coordinating institution, and shows the percentage of data passes obtained from each set of
stations.

Table S: SLR STATION GROUPS & CONTRIBUTION TO THE DATA SET

Maocad an Coaseedioe Waboee Contomde o In. oo . 2anes

urganizauon # o1 rasscs IAve. Passes / Jdavl% of Tofal Paccec
CISIK 550 59 | 26.1
University 294 ) 2.7 B | 13.9

Foreign (Jund.) 680 - a Nl\_iw - | 2

Addl. Key Foreign 164 .55 77
Chinese 47 I 0.44 2.2
Forcign (Misc.) 88 | 3.6 8 4
1otal 2123 20.03 0

The SLR quick ook data is collected every weekday morning from the CDDIS (Crustal
Dynamics Data Information System) clectronically via TP, Typically, SI.R data for a
given pass is available to the PV within 4 days after-the- track. Figure 1 shows the
fraction of total data available as a function of tiie. There are variations from this timing
duc to weekends, holidays, and the turnaround time of the station itself.

0



Figure 1: Fraction of Total SI.R Data Received After-(hc-'I'rack
(Based on Sampling Taken September - December 1994)
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The total number Of passes icceived cach day is also volatile, with the holidays (e.g.
Christmas) providing the minimumtracking collection. in addition | since most stati ons are
located in the Northern 1 femisphere, there s a susceptibility to data outages during winter
storms. This volatility canbe seen inFigure 2.

‘The weights used for M()] ¢ production arc a function of station of origin, and arc bascd
on rccommendations made by John Reis of the University of Texas, Austin. These
weightsrange from 1 .() cmto 100 cm. CDDSI R stations have well-mOnitOrcd quality
control On their data collection; stations from othier organ izations are not as standardized.
Infact, S1 .R passes fromsome forcigh stat ions ai ¢ processed only on a volunteer basis.




estimates; the heavy plotlines show estimates during fixed yaw periods, and the large
jumps in estimate valucs coincide with yaw flip events. Theremainder of the estimates
took place during yaw steering regimes.

Figure 3: Daily Constant Downtrack Non-Gravitational Accel. Estimates
(Based 011 Sampling Taken September 1994 - January 1995)
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MOE vs. POK

Figure 4 shows the agrecment in the radial component between the 24-hr period of
validity for an MOF and the same. periodin the corresponding POY. The open diamonds
denote MOLs generated with three-day data arcs. On certain days, denoted by x plot
symbols, the low amount of data available forced the analysttoresortto a longer (4-7 day
data arc) to create MOLs. The number of passes of S1 .R dataicceived for each day (from
Ligure 2) is superimposed upon this plot to show the correlation between low data volume
and the occurrence of longer-are solutions. Inmost cases, the radial agrecment remained at
the sub-decimeter level; only when the number of passes / day dropped to about five did the
quality of agreement deteriorate. Any offsct between the two o bits is at the sub-centimeter
level.
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Figure 4: RMS Radial Differences - MOEs vs. Corresponding POE Arc
{Based on Sampling Taken September - December 1994)
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POEK Verification with L.ong-Arc Solutions”

‘The asymptotic limit of the practice of using longer-arc solutions for MOI: production is
the creation o  orbits for POE verification. These orbits span a p proximately ten days, and




arc created close 1o the scheduled POE delivery date so as to have the maximum amount of
S1.R data possible. Figure 5 shows the radial agreement between the two sets of orbits,
which is well under the decimeter level. Again, any bias between the orbits is at the sub-
cent i meter level.

Figure 5 RMS Radial Differences - POEs vs. Verification Orbits
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Crossover Variances

MOEs fulfill the mission requirement by keeping within sub- decimeter radial agrecment
of the POE. But the more fundamental characteristic is the ability of the MOE to
approximate the truth, relative to the POL. "T'o make this asscssment the spacecraft radial
position is compared a points where the ground [tack crosses itself. The variance of these
values is a measure of orbit crrorinan absolute sense. In Figure 6, the solid points show
the ratio of MOJ crossover standard deviation to PO crossover standard deviation. In
most cases, theratio isless than 1.5. Deviations from this level usually occurred on days
with extremely low data (refer to Iigure 4).

As ancxercise, a second set of orbits were generated concurrently with the daily
MOIis. These orbits had the same data set and estimate list as the MOlis, but contained an
updated tide model !. These orbits had alower crossover variance than their daily MOL:
counterparts, and appear to be Icss susceptible to data outages than the MOLE:s.

Frhis model, created at the University of Texas, Austin, wis supplicd by Dah-Ning Yuan.




Figure 6: RMS Radial Differences - POKs vs. Verification Orbits
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SUMMARY

The I’'V']" has successfully met the missionrequirement of sub-decimeter accuracy for over
two and one-half years with minima] resources. The time.-]imitil]g factor for the creation of
MOEFEs isthe collection of sufficient S1 .R data. MOEs spanning days with low data totals
arc generated by building longerarcs. This practice provides a suitable orbit; only when
fewer than -5 passes / day does the quality of’ the orbitdeterior ate. Updates of orbit
modecls aso improves the orbit quality, independent of the amount of data collected.
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